INTRODUCTION
Distributed Generators (DGs) may be connected individually to the utility grid or be integrated to form a local grid which is called microgrid (MG). The MG can operate in grid-connected (connected to the utility grid) or islanded (isolated from the utility grid) modes [1] .
DGs often consist of a prime mover connected through an interface converter (e.g. an inverter in case of dc-to-ac conversion) to the power distribution system (microgrid or utility grid). The main role of this inverter is to control voltage amplitude and phase angle in order to inject the active and reactive power. In addition, compensation of power quality problems, such as voltage unbalance, can be achieved through proper control strategies.
In [2] - [8] , some approaches are presented to apply the DG for power quality compensation purposes. The control method presented in [2] and [3] is based on using a two-inverter structure connecting one in shunt and the other in series to the grid, like a series-parallel active power filter [4] . The main role of the shunt inverter is to control active and reactive power flow, while the series inverter balances the line currents and the voltages at sensitive load terminals, in spite of grid voltage unbalance. This is done by injecting negative sequence voltage. Thus, two inverters are necessary for the power injection and unbalance compensation.
Another method based on injecting negative sequence current by the DG to compensate voltage unbalance is proposed in [5] . As a result, line currents become balanced in spite of the presence of unbalance loads. However, in the case of severe load unbalances (e.g. one-phase disconnection of a three-phase load or connection of a single-phase load), the amplitude of the injected current can be very high. Thus, compensation will occupy a large amount of the capacity and may limit the DG capability to supply active and reactive power.
A synchronous (dq) reference frame control method for compensation of the voltage unbalance in a microgrid is presented in [6] . In this method DGs are controlled to provide a negative sequence conductance. Negative sequence reactive power is used for compensation effort sharing. In [6] the compensation reference is injected to the output of the voltage controller. As explained in [7] , this place of compensation reference injection is not proper, since the voltage controller considers this reference as a disturbance. Thus, it is proposed in [7] to inject the compensation reference before the voltage controller. Also, the negative sequence reactive power definition of [6] is modified. Furthermore, the control system of [7] is completely designed in stationary (αβ) reference frame. A similar control structure is applied in [8] for a gridconnected DG. In [8] a PI controller is used to follow the reference of voltage unbalance factor.
The methods proposed in [6] - [8] are designed for compensation of voltage unbalance compensation at the DG terminal, while usually the power quality at the point of common coupling (PCC) is the main concern.
In this paper the concept of secondary control [9] is extended to compensate the voltage unbalance at PCC in an islanded microgrid. A PI controller is used to generate the reference of unbalance compensation for the DGs of the microgrid. This reference is transmitted by a low band-width communication link. The details are as follows.
II. PROPSED SECONDARY CONTROL-BASED UNBALANCE COMPENSATION METHOD
A hierarchical structure is presented in [9] for control of microgrids. In this control structure three control levels are considered: primary control, secondary control, and tertiary control.
Primary control level adjusts the frequency and amplitude of the DG output voltage reference. This reference is provided to the inner current and voltage control loops. Droop controllers are the core parts of primary control level. These controllers are responsible for DG active and reactive power control. The tertiary control level ensures that the microgrid is injecting desired active and reactive power in grid-connected operating mode.
In this paper, the concept of secondary control is applied for voltage unbalance compensation. Fig. 1 shows the control structure of the secondary controller. Also, the power stage and the local control system of each microgrid DG are shown in this 
III. DG INVERTER CONTROL STRATEGY
As shown in Fig. 1 , the DG proportional-resonant (PR) voltage controller follows the references generated by power controllers, virtual impedance loop, and secondary controller and generates the reference for the PR current controller. The output of the current controller is transformed back to the abc frame to provide the reference three-phase voltage for the pulse width modulator (PWM). Finally, the PWM block controls the switching of the inverter based on this reference. More details are presented in the following Subsections.
A. Active and Reactive Power Control
Assuming a three-phase DG which is connected to the electrical network through a mainly inductive distribution line, P and Q can be approximated as follows [10] , [11] : 
B. Positive and Negative Sequence Extraction
The detection of positive and negative sequence is performed by using second-order generalized integrators (SOGI). The design and implementation of SOGI is well addressed in [13] . The SOGI structure is shown in Fig. 2 , where ω is the SOGI resonant frequency.
A SOGI-based second-order bandpass filter (BPF) with the following transfer function can be achieved as shown in Fig 2. ( ) ( where x and subscript j represent voltage or current and α or β component, respectively and k is a constant which determines the passing band of BPF [13] . In the present paper, . 2 = k Finally, the positive and negative sequence of the voltage and current can be extracted according to Fig. 3 [14] .
C. Power Calculation
The instantaneous values of positive sequence active and reactive powers are calculated as follow [15] ) are extracted using first-order low pass filters. In the present paper, cut-off frequency of these filters is set to 1Hz.
D. Virtual Impedance Loop
Addition of the virtual resistance control loop makes the oscillations of the system more damped [10] . Also, virtual inductance is considered to ensure the decoupling of P and Q. Thus, virtual impedance makes the droop controllers more stable [16] .
The virtual impedance can be achieved as shown in Fig.  4 , where R v and L v are the virtual resistance and inductance values, respectively. The basic idea of this scheme is presented in [17] . Here, the scheme of [17] is modified by adding the positive sequence extraction block to achieve "selective" virtual impedance. Thus, negative sequence current will not pass through virtual impedance. In this way, increase of DG output voltage unbalance due to the negative sequence voltage drop on the virtual impedance will be avoided.
E. Voltage and Current Controllers
Proportional-resonant (PR) controllers are often used in the stationary reference frame control systems [18] . In this paper, PR voltage and current controllers are as follow:
where, k pV (k pI ) and k rV (k rI ) are the proportional and resonant coefficients of the voltage (current) controller, respectively. Also, ω cV and ω cI represent the voltage and current controller cut-off frequencies, respectively.
The Bode diagrams of voltage and current controllers using the parameters listed in Table I are depicted in Fig. 5 . As can be seen, the gains of voltage and current controllers at resonant frequency are high enough to ensure small tracking errors. 
IV. SIMULATION RESULTS
The islanded microgrid of Fig. 6 is considered as the test system. This microgrid includes two DGs with power stage and control system shown in Fig. 1 . Control system and power stage parameters are listed in Tables I and II, respectively. Switching frequency of the DGs inverters is set to 10 kHz. As seen in Fig, 6 , a single-phase load is connected between phases "a" and "b" to create voltage unbalance. A balanced load is also connected to PCC. The switch shown in this Fig. 6 is closed after DGs synchronization to form the microgrid. The synchronization method is explained in [9] .
The delays of UCR transmission are Δt d1 =Δt d1 =2 sample-time. Fig.7 shows VUF values at PCC and DGs terminal. Unbalance compensation is activated at t=2sec. VUF * is set to 0.5%. As shown, VUF of PCC follows the reference value well. Also, it can be seen that improvement of PCC voltage quality is achieved by making the DGs output voltage unbalanced. Fig. 8 The active and reactive power sharing in this case is shown in Figs 11(a) and 11(b), respectively. As seen, different CSGs lead to noticeable transient change of powers. Also, sharing of after-compensation reactive powers is not as well as previous case.
B. Different Communication Lines Delays
In this case, both CSGs are set to 1; but, different communication delays are considered (Δt d1 =2 and Δt d1 =8 sample-time). As depicted in Fig. 12 , VUF * is followed properly. Also, larger Δt d1 leads to slightly lower aftercompensation VUF for DG1. In the other words, DG1 compensation effort is slightly lower.
Figs. 13(a) and 13(b) show the power sharing of this case. As seen, oscillations of after-compensation active and reactive powers are larger comparing equal Δt d case (Fig. 9) .
C. Communication Link Failure
In this case, Δt d1 = Δt d2 =2 sample-time and CSG 1 =CSG 2 =1. But, it is assumed that communication link to DG1 fails at t=3.5 sec. As seen in Fig. 14 Simulation results show that the PCC voltage unbalance is compensated to the desired value in different simulation cases.
